Deep sequencing can accurately measure the relative abundance of hundreds of mutations in a single bulk competition experiment, which can give a direct readout of the fitness of each mutant. Here we describe a protocol that we previously developed and optimized to measure the fitness effects of all possible individual codon substitutions for 10-aa regions of essential genes in yeast. starting with a conditional strain (i.e., a temperature-sensitive strain), we describe how to efficiently generate plasmid libraries of point mutants that can then be transformed to generate libraries of yeast. the yeast libraries are competed under conditions that select for mutant function. Deep-sequencing analyses are used to determine the relative fitness of all mutants. this approach is faster and cheaper per mutant compared with analyzing individually isolated mutants. the protocol can be performed in ~4 weeks and many 10-aa regions can be analyzed in parallel.
IntroDuctIon
Evolution is a crucial principle for interpreting and understanding biology. Evolutionary processes have shaped life in its present state and continue to mediate future population trajectories. The basic rule of evolution is competition, and fitness is the measure of individual competitive advantage/disadvantage. Genetic mutations are a dominant mechanism impacting fitness. The relationship between genetic mutations and fitness describes the raw evolutionary potential available to organisms. Here we describe a method that we refer to as EMPIRIC (exceedingly methodical and parallel investigation of randomized individual codons) for systematically generating all possible point mutations in regions of important genes and quantifying the fitness effect of each mutant 1 . Many previous methods have been used to analyze the fitness effects of mutations. These methods fall broadly into two classes: population genetics-based inferences from sequence analyses of naturally evolving populations 2, 3 , and direct fitness measurements of mutants 4, 5 . Population genetics models combined with polymorphism data provide routes to understand recent selection in all current organisms. However, mutations that cause a selectable fitness effect can be challenging to distinguish from 'hitchhiking' mutations at linked genetic loci 6 . In contrast, experimental fitness competitions have the benefit of directly measuring fitness effects of specific mutations, although they cannot be applied to all organisms.
Experimental fitness measurements often involve isolating specific mutants and following their growth properties for multiple generations. These analyses are ideally suited for organisms that can be easily manipulated genetically and that have short generation times such as microbes. Indeed, the ability to genetically manipulate Saccharomyces cerevisiae enabled systematic analyses of the fitness of single-gene knockouts and the identification of essential genes 7 . The yeast deletion strains were generated with a unique DNA sequence or bar code bracketed by common primer sites for each gene knockout. These bar codes enable the relative abundance of each mutant to be monitored using PCR and sequencing. This approach enables quantitative analyses of relative fitness from bulk cultures of knockout strains. The fitness effects of knockouts provide useful insights, but the knockout approach does not provide direct information on the fitness effects of many types of mutations that occur during natural evolution including point mutations.
Analyzing the fitness effects of point mutations is relevant to biology because point mutation is a common form of mutation in evolution. Point mutations that lead to drug resistance have been extensively analyzed 8 . Drug-resistance mutations can be readily identified from both natural and clinical isolates and from laboratory selection experiments. The fitness effects of mutations in drug-resistant genes are frequently analyzed on the basis of a doseresponse curve. The large magnitude of growth changes associated with drug-resistant mutations facilitates their analysis and represents a stringent selection pressure.
Many genes are involved in the adaptation to less stringent selection pressures 9 than drug resistance. Because the fitness changes are small relative to drug-resistance mutations, analyzing mutant fitness effects in the majority of genes requires the accurate measurement of relative growth and careful control of genetic background. Both growth curves of individual strains 5 and binary competition experiments between fluorescently labeled strains 4 help to enable accurate measurement of the fitness effects of one mutant per culture. By using isolated individual mutations, alanine scanning has been used to identify hotspots for protein function 10 . We developed the EMPIRIC approach to monitor the relative abundance of saturation point-mutants in a single bulk culture ( Fig. 1) with a very high signal-to-noise ratio 1 . This sequencing approach is similar in concept to the bar-coded knockout collection 7 , as well as to methods developed to analyze the binding function of larger and more complex libraries using affinity isolation approaches [11] [12] [13] . In all three of these approaches, sequencing is used to monitor the relative abundance of mutants after the application of a selective pressure. In the knockout collection, mutants are identified by a unique bar code between universal primer binding sites. The affinity isolation approaches have been able to interrogate larger mutant libraries, including many double mutants 11 , and they are well suited when broad sampling of double mutants is desired. In the EMPIRIC approach, libraries are constructed to contain only point mutants that are quantified directly by focused deep sequencing of mutated regions. This approach results in a strong sequencing signal for all possible point mutants, and it is ideally 11 . In addition, we have found that throughput can be dramatically increased by analyzing multiple regions in parallel. We have performed parallel analyses of eight separate 10-aa regions in the same 4-week time period required to analyze one region (B.R., unpublished data). The maximum region size that we have analyzed by EMPIRIC is currently 10 aa. The size of a region that can be accurately analyzed is constrained by sequencing read length and accuracy.
Overview of the EMPIRIC method
The EMPIRIC method is designed to measure the competitive advantage or disadvantage of point mutants in a high-throughput manner. Efficient analyses of mutants are facilitated by three main components: a rapid strategy for generating saturation mutants at consecutive amino acid positions in a gene; synchronized application of selection pressure to all mutants in a mixed competition experiment; and accurate measurement of the relative abundance of each mutant using deep sequencing. We use a cassette ligation strategy to efficiently generate mutant libraries. This stage involves DNA manipulations including PCR, ligations and bacterial transformations. In order to synchronize selection pressure, we use a conditional yeast strain such as a temperature-sensitive strain. This stage involves yeast microbiological techniques, including transformation and growth in liquid culture. We use a deep-sequencing approach to measure the abundance of each mutant. This stage involves isolation of DNA from yeast, DNA manipulations including PCR to generate focused libraries for sequencing, and bioinformatic analyses of the resulting sequencing data.
Experimental design
In order to accurately measure the relative abundance of all possible point mutants for regions of genes using deep sequencing, the EMPIRIC approach was developed with careful consideration of the signal-to-noise ratio. Signal is the relative abundance of a mutant in a library. Noise comes from misreads that distort the measured abundance of a mutant from its actual abundance in the library. In library generation, the goal is to have all mutants present in similar abundance. In the growth competition, the goal is to rapidly analyze mutants under selection while minimizing the potential for secondary adaptive mutations. In library analysis, the goal is to minimize noise from misreads.
Mutant abundance.
The primary factor that can be manipulated to maximize signal is the relative abundance of each mutant in the starting plasmid library. Ideally, all mutants will be present at a relative abundance well above the noise that comes from misreads. We optimized a cassette ligation strategy (Fig. 2) that can be applied iteratively and in parallel to generate libraries of point mutants in which all variants are present at similar relative abundance. Alternative methods exist to generate point mutant libraries, including Quickchange mutagenesis and gene synthesis, but in our experience the cassette ligation strategy has resulted in the most efficient and reproducible results.
Design of oligonucleotides for generating vectors with inverted type IIS restriction sites. Oligonucleotides should be designed as primers for whole-plasmid PCR in order to generate vectors with a unique inverted type IIS (i.e., BsaI) restriction site for cloning ( Fig. 2a and Table 1 ; vector forward (for) and vector reverse (rev)). We have used this approach to amplify vectors up to 10 kb. Wholeplasmid primers should have ~20 bases that are complementary to the gene of interest within the target plasmid and 5′ extensions to encode the restriction site. The inclusion of additional unique restriction sites in the 5′ extensions (immediately upstream of the BsaI site) can be used to reduce background during subsequent cassette ligations (i.e., SphI in Fig. 2 ). For this strategy to succeed, it is important to have a parental plasmid construct that lacks BsaI sites. We generated a minimal yeast and bacterial shuttle plasmid that we refer to as pRNDM with a KanMX4 marker 14 , which confers kanamycin resistance in bacteria, confers G418 resistance in yeast and lacks BsaI sites (Supplementary Fig. 1 ).
Design of oligonucleotide cassettes with individual codons randomized. Oligonucleotides for the cassette mutagenesis step ('Cas for' and 'Cas rev' in Table 1 ) should have cohesive ends that are complementary to the BsaI 5′ overhangs in the vector. These oligonucleotides will be annealed to each other to form a double-stranded cassettethey are not used for priming amplification/mutagenesis. For each amino acid position that you would like to randomize, design a cassette with a degenerate codon (i.e., NNN) on both strands. We have obtained consistent results using cassettes in which each oligonucleotide is 40 bases in length (30 bases for the 10-aa region, three bases on either side of this region that improve ligation efficiency for the randomization of edge positions and the four-base 5′ overhangs).
Design of oligonucleotides to amplify the library gene. PCR1a primers ( Fig. 3 ; 'PCR1a for' and 'PCR1a rev' in Table 1 ) should be designed to specifically amplify the library version of the gene of interest (and not the conditional genomic copy also present in cells). The optimal size range of the amplicon is 250 bases. Standard primer design approaches should be used. PCR1a primers should be 18-22 bases and anneal uniquely to the library plasmid (i.e., to unique regions upstream and downstream of the gene of interest).
Design of oligonucleotides to focus sequencing on the randomized region. PCR1b primers (Fig. 3b) should be designed to amplify the randomized region, to add an upstream MmeI site (the purpose of the MmeI site is to provide a site for adapter ligation), and to add a downstream Illumina sequencing site. The MmeI PCR1b primer ('PCR1b for' in Table 1 ) should have 20 bases of complementarity to the region immediately upstream from the randomized region (gene specific) and a 5′ extension encoding a restriction site for MmeI. The downstream PCR1b primer ('PCR1b rev' in Table 1 Design of bar-coded adapter oligonucleotide cassette. Oligonucleotides should be designed in such a way that when annealed they should form a double-stranded adapter. This adapter cassette should have a double-stranded region, including 25 bases complementary to the Illumina sequencing primers and a bar code of three or four bases followed by a two-base, single-stranded 3′ overhang complementary to the overhang created by MmeI digestion of the PCR1b PCR product (Fig. 3d) . Care should be taken in designing bar codes such that all samples in a sequencing reaction can be uniquely identified. A single sequencing sample represents uniquely bar-coded time point samples for a library of ten randomized codons, as single-codon libraries are pooled before analysis. Ideally, each bar code will differ from all other bar codes at multiple positions and minimize the potential for misreads to cause bar code switching. With Illumina sequencing, the base composition at each position in the sequencing library is an important parameter because it affects the ability to distinguish the position of individual clusters. For this reason, it is valuable to blend samples such that each position in the sequencing mix, including the bar code region, has a broad distribution of bases. The challenge of balancing base composition can also be mitigated by further blending with other sequencing samples or by generating a lower density of clusters during sequencing and should be discussed with your sequencing provider.
Conditional strain.
It is important to have a conditional yeast strain that grows robustly on its own under permissive conditions and whose growth rapidly slows or stalls in nonpermissive conditions unless it is provided with a rescue copy of the gene of interest. In our proof-of-principle studies 1 , we used a temperature-sensitive Hsp90 strain. This strain grows robustly at 25 °C, which allowed all possible point mutants in our library to be transformed into cells and propagated under this condition. This strain rapidly stalls growth at moderately elevated temperature (36 °C), which was used to synchronize growth competition dependent on the function of the library version. Before starting competition experiments with libraries, it is important to identify appropriate permissive and nonpermissive conditions. A wild-type rescue plasmid and a null rescue plasmid can be used to determine these conditions. Ideally, the permissive condition should support equivalent growth rates for strains harboring either the wild-type or the null rescue plasmid. For the nonpermissive condition, cells harboring the wild-type rescue plasmid should grow robustly (i.e., similar to the parental strain), whereas cells harboring the null plasmid should stall in growth.
Sources of noise.
The primary cause of noise is misreads that can be caused during PCR steps in processing samples or in the sequencing reaction itself. We have found it extremely useful to include internal controls to assess the misread noise in each EMPIRIC experiment and sequencing run (these controls are described in the PROCEDURE). In our experience, ~90% of Illumina sequencing runs have resulted in data quality sufficient to accurately assess the relative abundance of all point mutants in EMPIRIC experiments. The careful generation of point mutant libraries causes the majority of misreads to appear as double mutants that are readily filtered out of data sets, thereby dramatically reducing noise in subsequent analyses.
Genetic background is another potential source of noise that is important to consider in EMPIRIC experiments. In order to control for genetic background, we design entire experiments such that all required libraries are transformed into the same batch of yeast, thus minimizing potential secondary genetic differences. If beneficial secondary mutations sweep through a mutant population, they will cause a biphasic trajectory in the fitness data that can be readily identified. In this case only, time points before this sweep should be analyzed. If appropriate, strongly beneficial secondary mutations can be minimized by preadapting the parental strain to the desired environmental conditions. We have also found that eliminating the high-copy plasmid, which is endogenous to most yeast strains 15 , can reduce the frequency of secondary adaptive genetic changes.
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MaterIals

REAGENTS
 crItIcal All media and reagents are prepared by standard methods 16 , and are stored as recommended by the manufacturers. All enzymes are stored at − 20 °C. S-adenosyl-l-methionine (SAM) and chemically competent bacteria are stored at − 80 °C. Unless otherwise noted, all reagents are stored at room temperature (23 °C). A conditional yeast strain (i.e., a temperature-sensitive or shutoff strain) whose growth can be rescued by a plasmid-borne copy of the gene of interest. Conditional yeast strains can be generated de novo, or located in previously published work and requested A starting plasmid to generate libraries that does not contain sites for the type IIS endonuclease that you plan to use for the cassette ligation strategy, such as pRNDM (Supplementary Fig. 1 Glucose (Sigma-Aldrich, cat. no. G7528-5kg) l-Aspartic acid (Sigma-Aldrich, cat. no. A8949) l-Arginine (Sigma-Aldrich, cat. no. A5006) l-Valine (Sigma-Aldrich, cat. no. V0513) l-Glutamic acid (Sigma-Aldrich, cat. no. G1251) l-Serine (Sigma-Aldrich, cat. no. S4311) l-Threonine (Sigma-Aldrich, cat. no. T8625) l-Isoleucine (Sigma-Aldrich, cat. no. I2752) l-Phenylalanine (Sigma-Aldrich, cat. no. P2126) l-Tyrosine (Sigma-Aldrich, cat. no. T8566) l-Histidine (Sigma-Aldrich, cat. no. H8000) l-Methionine (Sigma-Aldrich, cat. no. M5308) l-Leucine (Sigma-Aldrich, cat. no. L8000) l-Lysine (Sigma-Aldrich, cat. no. L5501) Oligonucleotides (IDT DNA Technologies); see Table 1 for oligonucleotides used to study a 10-aa sequence of Hsp90 (DNA sequence: 5′-GCTAGT-GAAACTTTTGAATTTCAAGCTGAA-3′) in pRNDM Custom bioinformatics software (available from http://labs.umassmed. edu/BolonLab/)
EQUIPMENT
Incubator set to 37 °C (Fisher Scientific, Model 655D) Microcentrifuge tubes (1.7 ml; Sorenson Biosciences, cat. no. 16070) Microcentrifuge (Beckman Coulter, Microfuge 18) Salmon Sperm DNA, 10 mg ml − 1 solution Dissolve 200 mg of lyophilized powder in 20 ml of water. Make 1.0-ml aliquots, place them in a boiling water bath for 10 min, place them on ice for 10 min, and then store them at − 20 °C for up to 1 year.
G418 antibiotic, 250× solution Dissolve 500 mg of G418 in water to a final volume of 10 ml. Filter-sterilize the solution and store it at − 20 °C for up to 1 year. Kanamycin stock solution Dissolve 250 mg of kanamycin in 10 ml of water and filter-sterilize the solution. Store the stock at − 20 °C for up to 1 year. LB medium Dissolve 10 g of tryptone, 5 g of yeast extract and 5 g of sodium chloride in 1 liter of water and autoclave the mixture. Store LB medium at room temperature for up to 1 year. LB + kanamycin medium Add 1.2 ml of kanamycin stock solution to 1 liter of LB and store it at 4 °C for up to 1 week. LB + kanamycin plates Prepare 1 liter of LB, add 15 g of Bacto-agar and autoclave. Cool to 60 °C and add 1.2 ml of kanamycin stock solution. Pour the mixture into Petri dishes and cool to solidify. Store plates at 4 °C for up to 2 months. Glucose, 40% (wt/vol) Dissolve 400 g of glucose in water to a final volume of 1 liter. Filter-sterilize and store it at room temperature for up to 1 year. YPDA medium Dissolve 10 g of yeast extract, 20 g Bacto-peptone, and 0.1 g of adenine hemisulfate in 1 liter of water. Autoclave the medium and allow it to cool to room temperature. Add 50 ml of 40% (wt/vol) glucose. Store it at 4 °C for up to 1 week. G418 stock solution Dissolve 500 mg of G418 in water to a final volume of 10 ml. Filter-sterilize and store the stock at − 20 °C for up to 1 year. 
YPDA + G418 medium
7|
Transform the ligation reaction into a cloning strain of Escherichia coli (E. coli) by mixing 100 µl of competent cells with 5 µl of the ligation reaction and incubating the mixture on ice for 15 min. Subsequently, heat-shock the mixture at 42 °C for 45 s, cool it for 1 min on ice, add 1 ml of LB broth (stored at room temperature), and then incubate it at 37 °C for 1 h. Finally, spread 100 µl of cells onto LB-kanamycin plates and let colonies grow at 37 °C for 16 h.
8|
Pick two individual colonies and grow each in liquid culture (LB-kanamycin) for 16 h at 37 °C.
9|
Isolate plasmid DNA using a ZR plasmid miniprep kit and Sanger sequencing. One or both plasmids usually have the appropriate sequence and can be used in subsequent steps.
10|
Prepare cassettes containing saturation mutants. Dissolve the forward and reverse oligonucleotides (e.g., 'Cas for' and 'Cas rev' in table 1) in water to a final concentration of 100 µM. Combine 50 µl of forward and 50 µl of reverse oligonucleotides so that the final cassette concentration is 50 µM.
11| Anneal cassettes by boiling followed by slow cooling: boil 1 liter of water, float 100 µl of the cassettes in boiling water, remove the water from heat and allow the entire water bath to cool naturally to ambient temperature (~1 h).
12|
Dilute the annealed cassettes to 0.5 µM in water.
13| Digest the vector to generate cohesive ends complementary to the cassettes. Set up a BsaI digest as tabulated below and incubate it at 50 °C for 2 h.  crItIcal step Sequential digestion with BsaI followed by a second enzyme that cuts between the BsaI sites (i.e., SphI in Fig. 2 ) reduces undesired ligation products and improves library quality.
14| Allow the sample to cool to room temperature. Add 1 µl of SphI enzyme and incubate at 37 °C for 1 h.
15| Column-purify the digested plasmid using a Zymoclean gel DNA recovery kit. The small BsaI and SphI fragments will not bind efficiently to silica columns, thereby reducing background ligation products.
16|
Set up a separate ligation reaction for each cassette containing the following reagents and incubate it at room temperature for 1 h. 
20|
To analyze transformation efficiency, plate 10 µl of the transformed E. coli onto selective plates (e.g., LB + kanamycin).
 crItIcal step The library size of a single randomized codon is 64. The probability of sampling each possible library member is related to the number of transformants in this step. A good rule of thumb is to have tenfold or greater coverage, meaning 640 or more total transformants and at least six colonies from the 10 µl that was plated. This procedure routinely produces 2,000-8,000 total transformants. ? troublesHootInG 21| Inoculate the remaining 990 µl of recovery mixture from Step 20 into a sterile flask containing 10 ml of selective liquid growth medium (e.g., LB + kanamycin) and grow the cultures overnight at 37 °C on an orbital shaker at 180 r.p.m.
22|
After overnight growth of the cultures, prepare the plasmid libraries. Libraries can be readily combined at this step. To prepare a library of ten different amino acid positions, combine equal volumes of saturated culture for each position and prepare plasmid DNA from this combined culture using a ZR plasmid miniprep kit. We typically prepare a miniprep from 3 ml of culture and discard the remaining culture. We have found that growing cultures larger than 3 ml from bulk transformations is necessary for consistent yields in DNA preparations.  crItIcal step To assess the quality of the library, it is useful to prepare at least one library with a single randomized codon. Sanger sequencing of this sample should show incorporation of all four nucleotides at the randomized codon and homogeneous sequencing at all other positions.
Generating libraries of yeast • tIMInG ~1 week 23|
From a frozen stock, streak out the conditional yeast strain to be transformed at least 72 h before transformation. The medium used must be permissive to your strain and will vary depending on the conditional strain used. Throughout this protocol we will provide example media that assume the use of a temperature-sensitive strain 1 . This strain can be propagated on YPDA plates at 30 °C.
24|
Allow individual colonies to grow to between 1 and 2 mm in diameter. Twenty hours before transformation, inoculate a single yeast colony into 3 ml of appropriate liquid medium (e.g., YPDA). Grow cultures overnight on an orbital rotator set at 180 r.p.m. at the appropriate permissive temperature for the conditional strain. 8 cells to a flask containing 50 ml of rich medium (e.g., 2× YPDA), which is sufficient for up to ten transformations. Incubate the cells on an orbital shaker at 180 r.p.m. for at least two cell doubling times, which is from 4 to 8 h depending on the strain.
25|
When overnight cultures reach near-saturation, determine the cell density by counting with a hemocytometer. Add 2.5 × 10
26|
Prepare competent yeast from the cultures using the lithium acetate method 17, 18 .  crItIcal step It is important to use freshly prepared competent cells in order to achieve efficient transformation.
27|
Add 1 µg of library plasmid DNA (from Step 22) to 360 µl of competent yeast and vortex briefly to mix.  crItIcal step Plasmid transformation into yeast should be performed to maximize independent transformed cells while minimizing the number of cells that acquire more than one plasmid 19 .  crItIcal step In addition to the transformation of plasmids with point mutant libraries, you should also transform a negative control (vector without the gene of interest), as well as a positive control (vector with a wild-type copy of the gene of interest). These controls enable you to monitor selection pressure in your experiment. When switched to selective conditions, the negative control strain should stop growing and the positive control should continue to grow robustly.
28|
Incubate the yeast-DNA mixture while rocking at room temperature for 30 min, and then transfer it to a 42 °C water bath for 30 min.
29|
Pellet the cells at 6,000g for 1 min at room temperature. Discard the supernatant and resuspend the cells in 1 ml of permissive medium (e.g., YPDA).  crItIcal step For the transformation of G418-resistant plasmids it is important to outgrow yeast under permissive conditions for at least 6 h at room temperature before exposure to G418 in Step 31.
30|
This step can be done overnight. Resuspend yeast transformation in 5 ml of medium lacking G418. Ampicillin can be added to a final concentration of 0.05 µg ml − 1 at this stage and at all subsequent yeast growth steps to hinder bacterial contamination. Grow at 25 °C for 6-18 h to allow transformed cells to develop antibiotic resistance to G418.
31|
Spread 50 µl of each yeast transformation onto a plate containing G418. Incubate the plates at 30 °C for 48-72 h. A library of single codon variants for a 10-aa region contains 640 possible variants. Tenfold coverage or better is desired for sampling and represents 6,400 independent yeast transformants. Typical yeast plasmid transformations yield 20,000-100,000 independent transformants. 32| Take the remaining yeast transformation from Step 30 (~4.95 ml) and pellet it at 3,000g for 5 min at 4 °C. Aspirate the supernatant and resuspend the pellet in 15 ml of permissive medium. Repeat for a total of five washes.  crItIcal step Extracellular plasmid will contribute noise to subsequent analyses and should be thoroughly washed away.
33|
Add the washed cells to 50 ml of sterile culture medium (e.g., YPDA) with G418 under otherwise permissive conditions. bulk yeast competitions • tIMInG ~1 week 34| By using a cuvette (1 cm path length) in the Cary spectrophotometer (Cary, 50 UV), measure the optical density of the yeast cultures at 600 nm (OD 600 ) immediately after inoculation and record the measurements. Measure the OD 600 periodically (e.g., every 12 h) to determine when the culture enters mid-logarithmic growth (usually between 12 and 48 h). When the culture enters mid-log phase (OD 600 = 0.4-1), dilute it as needed into fresh medium to maintain an OD 600 between 0.1 and 1. Maintain cultures in log growth for a total of at least 48 h, targeting a final OD 600 of 0.8. ? troublesHootInG 35| Collect ~20 ml of cells of OD 600 = 1.0 and place them in a 50-ml conical tube. This sample represents your yeast library before selection for mutational function. Adjust the collected volume relative to the actual measured OD 600 . For example, if the OD 600 is 0.5, collect 40 ml of cells. Centrifuge the collected cells for 5 min at 3,000g at 4 °C. Aspirate off the supernatant and wash with 25 ml of water. Centrifuge again, aspirate off the supernatant, and then store the pellet at − 80 °C.
36|
Pellet the remaining culture and resuspend in medium conditions that select for the function of the library gene. For example, if you are using a temperature-sensitive strain 1 , transfer the culture to the nonpermissive temperature. If you are using a shutoff strain 20 with your library constitutively expressed, transfer the culture to shutoff conditions.
Record the OD 600 every 2 h for the initial 12-h period and then every 8 h. 39| Add 300 µl of P2 buffer to the suspension and invert ten times to mix. Incubate at room temperature for 5 min.
40| Add 420 µl of P3 buffer. Invert ten times to mix.
41|
Centrifuge for 10 min at 18,000g at room temperature.
42| Purify the DNA from the supernatant using a silica column.
43| PCR-amplify the DNA using primers specific to the library version of the gene (e.g., 'PCR1a for' and 'PCR1a rev', table 1) and purify the resulting product on an agarose gel. Performing this step reduces the sequencing of the conditional copy of the gene (i.e., the temperature-sensitive or shutoff version), which would otherwise be the dominant read in the sequencing reaction. This can be accomplished using primers targeted to regions upstream and downstream of the coding region that are unique to the library plasmid.  crItIcal step To limit errors that contribute noise to subsequent fitness analyses, use a high-fidelity polymerase and minimize PCR cycles. Typically, 18-22 cycles are sufficient to produce a strong PCR product at this stage, and care should be taken to avoid unnecessary PCR cycles throughout the rest of the protocol. To assess processing errors, include a control sample at this stage, consisting of a plasmid of homogeneous sequence. For example, use a plasmid encoding the wild-type gene and perform the same PCR steps and manipulations. By using this control, we have found that the number of misreads from the entire processing procedure is compatible with reproducible fitness measurements that correlate with traditional fitness analyses of individual mutants 44| Perform PCR to add a MmeI restriction site and a 3′ Illumina universal primer sequence (Fig. 3) and purify the resulting product on a silica column. 47| Separate the ligation reaction on an agarose gel, excise the ligated band and purify it on a silica column.  crItIcal step At this step, the goal is to deplete adapter dimers from your sample. These dimers will readily separate from the product of interest. However, the MmeI digestion and adapter ligation reactions typically go to about 70% completion, which produces a complex banding pattern. However, neither the undigested nor unligated products PCR amplify in subsequent steps.
48|
Perform PCR on the gel-purified products (from Step 47) with Illumina universal primers. Separate the PCR product on an agarose gel, excise the appropriate band, and then column-purify it. This sample is ready for deep sequencing. analyzing the sequencing data • tIMInG ~1 d  crItIcal All data analysis is performed as outlined (Fig. 4) with custom programs (http://labs.umassmed.edu/BolonLab/). Knowledge of Linux, Perl and deep sequencing are required for the analysis steps.
49| Perform quality filtering. By using the FASTQ file (the output file from sequence analysis) as input, check the quality score at all nucleotide positions for each read 21 . Define a threshold (we frequently use a Phred score of >20, which corresponds to > 99% confidence). Create a new output file that contains sequences for which all base calls pass this threshold.
50|
Enumerate the unique sequence reads and how often they were observed. This serves to compress the data dramatically and speeds subsequent analyses.
51|
Generate an input mask file that describes the experiment, including the correspondence between bar code sequence and time point, and the wild-type sequence. Step 49
Step 50
Steps 51-53
Step 54 52| Tabulate the number of reads of each possible single-codon variant at each time point. Notably, this step removes all sequences that contain apparent codon changes at two or more positions. This filtering step removes many misread events and improves the signal-to-noise ratio.  crItIcal step Analyze the internal sequencing and processing controls (described in Steps 44 and 49). Sequencing and PCR/processing errors will appear as mutations in these samples. We have typically observed processing misread rates of ~2 in 1,000 base calls. Taking into account that ~90% of misreads will be filtered out as apparent double mutants in library samples, this translates to an effective noise per base called of ~2 in 10,000. With this misread rate, the vast majority of 36-base reads (~0.9998 36 = 99.2%) will be accurate over each base. Because the remaining misread noise is distributed over multiple mutants, the average signal-to-noise ratio for each mutant is ~100:1. The nonlinear relationship between per-base misread rates and mutant noise makes it valuable to have low misread noise. If the processing per-base misread rate is above 1 in 100, we typically perform a second sequencing analysis. By having an independent control for processing (including all PCR steps) and sequencing (without most PCR steps), it is possible to determine where problems occurred and go back to the appropriate step: re-doing processing and/or sequencing. Of note, misread errors are not random and can vary from run to run. Having internal controls should enable improved error handling in future work. In addition, misread errors are dependent on the sequencing platform being used. We have used Illumina sequencing in all of our analyses to date. ? troublesHootInG 53| For each possible single-codon variant, calculate the mutant-to-wild-type ratio at each time point. Of note, the abundance of wild-type sequence reads in our plasmid libraries is typically between 1 and 4%, about tenfold higher than each point mutant because it is generated independently at each amino acid position. If each codon randomization is completely random, the wild-type sequence would be present at 1.5% (1/64). This provides improved counting accuracy of the wild-type sequence, which is used as the reference for calculating the relative abundance of all point mutants.
54| Determine the slope of log 2 (mutant/wild-type) versus time in wild-type generations. This is a direct measure of fitness called the selection coefficient (s). For neutral mutations, s = 0; whereas deleterious mutations have s < 0 and beneficial mutants s > 0. Of note, other groups have developed software for analyzing more complex mutant libraries that include multiple mutations 22, 23 .
? troublesHootInG Troubleshooting advice can be found in table 2. 
